The transcriptional shift from repression to activation of target genes is crucial for the fidelity of Notch responses through incompletely understood mechanisms that likely involve chromatin-based control. To activate silenced genes, repressive chromatin marks are removed and active marks must be acquired. Histone H3 lysine-4 (H3K4) demethylases are key chromatin modifiers that establish the repressive chromatin state at Notch target genes. However, the counteracting histone methyltransferase required for the active chromatin state remained elusive. Here, we show that the RBP-J interacting factor SHARP is not only able to interact with the NCoR corepressor complex, but also with the H3K4 methyltransferase KMT2D coactivator complex. KMT2D and NCoR compete for the C-terminal SPOC-domain of SHARP. We reveal that the SPOC-domain exclusively binds to phosphorylated NCoR. The balance between NCoR and KMT2D binding is shifted upon mutating the phosphorylation sites of NCoR or upon inhibition of the NCoR kinase CK2␤. Furthermore, we show that the homologs of SHARP and KMT2D in Drosophila also physically interact and control Notch-mediated functions in vivo. Together, our findings reveal how signaling can fine-tune a committed chromatin state by phosphorylation of a pivotal chromatin-modifier.
INTRODUCTION
A common feature of major cell-cell signaling pathways, such as Wnt, Hedgehog and Notch, is a shift from repression to activation of target gene expression that is mediated by the same transcription factor. Gene repression and activation are normally accompanied by specific chromatin modifications that involve dynamic changes in histone tail modifications, including acetylation and methylation (1) (2) (3) . However, the interplay between chromatin modifiers and signal-dependent transcription factors is poorly understood.
Notch signaling is one of a few signaling pathways that is used iteratively during development and adult tissue homeostasis (4) (5) (6) (7) (8) . Notch-mediated transcriptional re-sponses control key cellular decisions, such as proliferation, migration, survival and fate specification. Many progenitor cells go through several rounds of Notch activation, as exemplified during somitogenesis (9) , and proper temporal and spatial control is crucial for the progressive cell fate specification and maturation of several tissues. Recently, in a Drosophila melanogaster model system, several chromatin modifiers have been shown to facilitate Notchinduced tumorigenesis (10) . In humans, Notch gain-offunction mutations, e.g. in the case of acute lymphoblastic leukemia (11) , chronic lymphocytic leukemia (12) or mantle cell lymphoma (13) , prolong the Notch response and either contribute to or account for the pathogenesis of these leukemia/lymphomas. The involvement of Notch in these diseases emphasizes the clinical relevance of controlling Notch transcriptional responses for therapeutic purposes. However, the exact molecular mechanisms regulating the transcriptional switch from repression to activation in the Notch pathway remain far from understood.
The DNA binding transcription factor RBP-J (also known as CSL) actively represses Notch target genes in the absence of a Notch signal. The paradigmatic view of Notch signaling is that when the Notch receptor binds transmembrane ligands expressed on neighbouring cells, Notch undergoes several proteolytic cleavage events that liberate its intracellular domain (NICD) from the cell membrane. Subsequently, NICD enters the nucleus and associates with the transcription factor RBP-J and the coactivator Mastermind, which converts RBP-J from a repressor to an activator by displacing the interacting corepressors. Although static binding of RBP-J has been challenged in Drosophila (14) and recently in a genome-wide study using a murine myoblast cell line (15) , there is ample genetic and functional evidence for RBP-J acting as a transcriptional repressor (16, 17) .
We have previously identified SHARP (SMRT/HDAC1 associated repressor protein) as a corepressor for RBP-Jmediated transcriptional regulation at Notch target genes [(17-20) and summarized in Figure 1A ]. RBP-J interacts with SHARP or NICD in a mutually exclusive fashion (18, 21) . SHARP was originally identified in a yeast-2-hybrid screen for SMRT/NCoR binding partners (22) . SMRT/NCoR recruits histone deacetylases like HDAC3 thereby mediating transcriptional repression. Interestingly, both HDAC3 and SMRT/NCoR have been implicated in Notch signaling (23, 24) . SHARP (in mouse also known as MINT, Msx2-interacting nuclear target protein) is a multidomain protein, containing N-terminal RNA recognition motifs, an RBP-J interaction motif and a conserved Cterminal SPOC domain. SHARP directly binds to RBP-J with high affinity (21) . The SPOC domain is essential for SHARP to function as a transcriptional repressor interacting with corepressors such as SMRT/NCoR. Thus SHARP forms the bridge between the transcription factor RBP-J and the NCoR corepressor complex ( Figure 1A ).
Dynamic changes in histone acetylation via histone acetyltransferases and histone deacetylases critically regulate the timing of Notch responses (17, (24) (25) (26) . Trimethylation of lysine 4 of histone H3 (H3K4me3) is another histone modification that has been intimately linked with transcriptional activation and that correlates significantly with histone acetylation sites (27) . Notably, H3K4 trimethylation is dynamically controlled at Notch target genes by histone demethylases LSD1 (28) and KDM5A/RBP2/JARID1A (29) and a hitherto unknown methyltransferase. The H3K4 methylation mark is written by enzymes of the KMT2 (lysine methyltransferase 2) family, which are parts of different large multisubunit complexes (30) . All of them share the core subunits WDR5, RbBP5 and Ash2l but whereas Menin1 is a specific subunit of the KMT2A/B complexes, UTX, PA1, PTIP and NcoA6 are specific subunits of the KMT2C/D complexes (31) (32) (33) .
Here, we show that the RBP-J associated cofactor SHARP interacts with either KMT2D coactivator or NCoR corepressor complex regulating the chromatin environment at Notch target genes. KMT2D and NCoR competitively bind to the same region of the cofactor SHARP, its SPOC domain. NCoR/KMT2D balance depends on the phosphorylation status of two conserved serine residues at the C-terminus of NCoR. Our data suggest that the conversion of RBP-J from a repressor to an activator is not a simple single-step process, as previously thought, but involves a chromatin intermediate directed by cofactor SHARP. The novel dual functionality of the RBP-J/SHARP complex may facilitate a robust, yet flexible, Notch-dependent transcriptional response.
MATERIALS AND METHODS

Cell culture and preparation of cell extracts
Murine pre-T lymphoma cell line (Beko) and murine hybridoma mature T-cell line (MT) were grown in Iscove's Modified Dulbecco Medium (Gibco) supplemented with 2% FCS, 0.3 mg/l peptone, 5 mg/l insulin, nonessential aminoacids and penicillin/streptomycin. Cells were grown at 37
• C with 5% CO 2 . pre-T cells were treated with 10 g/ml DAPT/GSI (Alexis ALX-270-416-M025) or DMSO as control. Mature T-cells were treated with 25 M TBB (4,5,6,7-tetrabromobenzotriazole, Sigma-Aldrich T0826), 25 M TBCA [(E)-3-(2,3,4,5-tetrabromophenyl)acrylic acid, Millipore 218710] or DMSO as control. Cell lines HEK293 (ATCC CRL 1573), 293 T and HeLa (ATCC CCL 2) were cultivated in Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 10% fetal calf serum (FCS), penicillin and streptomycin.
For western blotting, EMSA and immunoprecipitation experiments whole-cell lysates were prepared as previously described (20) . Protein concentrations were determined using the Bradford assay method (BioRad).
Streptavidin-immunoprecipitation of bio-SPOC domain of SHARP
The SPOC-domain of SHARP containing an N-terminal biotinylation tag (34) was introduced into pre-T cells (29) expressing already the biotin ligase BirA. 3 × 10 9 cells were centrifuged, washed in PBS and resuspended in 50 ml low salt buffer A (20 mM HEPES pH 7.9, 1 mM MgCl 2 , 10 mM KCl, 0.1% NP-40; add fresh 0.2 mM PMSF, 0.5 mM DTT, 1 × protease inhibitor). After 20 min incubation on ice, the samples were vortexed 10 s and centrifuged (20 000 rpm, 4
• C, 30 min) to break the cell membrane. The pellet was then resuspended in 7 ml buffer C (0,2% NP-40, 20 mM HEPES, 100 mM KCl, 1 mM MgCl 2 1 mM DTT, 1× Complete protease inhibitor and 0.2 mM PMSF). A 2.5 M KCl solution was dropwise added to reach a final concentration close to 400 mM KCl to allow an effective extraction of the nuclear proteins. After 20 min agitation at 4
• C, the solution was transferred into ultracentrifuge tubes (Beckman) and ultracentrifuged for 60 min, 40 000 rpm at 4
• C (Optima LE-80000, Beckman). 5 mg of nuclear extract were incubated with 150 l streptavidin magnetic beads (Dynabeads M-280, Invitrogen 112.06) for 2 h at 4
• C. The Dynabeads were pre-blocked at RT for 1 h with chicken egg albumin (200 g for 150 l beads mixed with 1 ml 1× TBS). During the blocking the NE was diluted to adjust it to optimal bead binding conditions (100 mM KCl and 10% glycerol). After binding, the beads were washed six times with streptavidin washing buffer (TBS 1×, 0.2% NP-40) using different ionic strengths (200, 250 or 300 mM NaCl) as indicated in Sup-plementary Table S1 . Beads were resuspended in 2x SDS loading buffer, boiled for 5 min and loaded on a NuPAGE 4-12% Bis-Tris Gel (Invitrogen). After Coomassie staining (NOVEX colloidal blue staining kit, Invitrogen) individual bands were cut out and subjected to MS analysis (LC-MS).
For Western blot purposes 500 g of nuclear extract were incubated with streptavidin magnetic beads (Dynabeads M-280, Invitrogen 112.06) in a binding buffer containing 120 mM NaCl and 0.1% NP-40. After binding, beads were washed five times with streptavidin washing buffer containing 300 mM NaCl and two times with PBS.
RbBP5 (Bethyl, A300-109A, lot. #A300-109A-2), KMT2A (Bethyl, A300-374A, lot. #A300-374A-2) and UTX (Bethyl,A302-374A, lot. #A302-374A-1) antibodies were used in western blot as follows. Briefly, membranes were blocked 1h at room temperature in 5% milk, 1× TBS, 0.1% Tween-20 and then incubated over night at 4
• C with the proper antibody diluted (RbBP5 1:5000; KMT2A 1:5000 and UTX 1:2000) in 5% milk, 1× TBS, 0.1% Tween-20. After washing three times 10 min each in 1× TBS, 0.1% Tween-20, membranes were incubated with the secondary antibody (Cell Signaling, #7074S) diluted 1:5000 in 5% milk, 1× TBS, 0.1% Tween-20 for 1 h at room temperature. Finally, membranes were washed three times 10 min each in 1× TBS, 0.1% Tween-20.
Streptavidin blot was performed as follows. Briefly, membranes were blocked 1 h at room temperature in 5% BSA, 1× TBS. Membranes were incubated 1h at room temperature in streptavidin horseradish (PerkinElmer, NEL750001EA) diluted 1:20 000 in 5% BSA, 1× TBS and washed three times 15 min each in 1× TBS, 0.5 M NaCl, 0.5% Triton X-100.
On-bead digestion and liquid chromatography-mass spectrometric analysis
Direct endoproteinase digestion of SHARP protein complexes immobilized on magnetic bead supports was performed as follows: streptavidin magnetic beads from biotinstreptavidin purifications were finally washed with 1× TBS (lacking NP-40) and resuspended in 50 l denaturation buffer (20 mM Tris-HCl, pH 8.0, 8 M urea). The urea concentration was lowered to 4 M by adding a 50 l aliquot of 50 mM ammonium bicarbonate (ABC). The resulting bead suspension was adjusted to 1 mM DTT and protease digestion was started by the addition of 500 ng Lys-C (Wako). After one-hour incubation at 25
• C beads were separated (magnetic bank, Invitrogen) and washed with 200 l 50 mM ABC. The supernatant (containing the pre-digested peptides) and the wash were pooled (combined volume = 300 l) and alkylated with iodoacetamide (1.8 mM final concentration) at 25
• C for 2 h. Digestion was completed by addition of 500 ng trypsin (Promega) and over night incubation at 25
• C. Proteolysis was stopped by adding TFA to a final concentration of 3%. The tubes were centrifuged at 20 000 g in order to pellet insoluble material. Finally, the digest was subjected to C18 'Stage Tip' purification as described (35) .
Desalted samples were subsequently analyzed using nanoflow (Agilent 1200 nanoLC, Germany) LC-MS/MS on a linear ion trap (LIT)-Orbitrap (LTQ-Orbitrap XL+ETD) mass spectrometer (Thermo Fisher, Germany).
The MS system was calibrated with a caffeine, M-R-F-Aacetate peptide and ultramark 1621 polymer containing calibration mix (ProteoMass LTQ/FT-Hybrid ESI Pos. Mode Cal MIX, Supelco) according to the manufacturer's protocol. All steps were done in a dust-free environment, to prevent contamination with human keratin.
Peptides were eluted stepwise with a linear gradient of 10−60% MS sample buffer B at a flow rate of 250 nl/min over 120 or 140 min depending on the experiment. Data were acquired using a data-dependent 'top 10' method, dynamically choosing the ten most abundant precursor ions from the survey scan (mass range 350−1800 Th) in order to isolate and fragment them in the LTQ. Survey scans were acquired in the profile whereas MS/MS scans were acquired in the centroid mode and dynamic exclusion was defined by a list size of 500 features and exclusion duration of 90 s with a MMD of 10 ppm. The isolation window for the precursor ion selection was set to 2.0 Th. Precursor ion charge state screening was enabled, and all unassigned charge states as well as singly charged ions were rejected. For the survey scan a target value of 1 000 000 (1000 ms maximal injection time) and a resolution of 60 000 at m/z 400 were set (with lock mass option enabled for the 445.120024 ion), whereas the target value for the fragment ion spectra was limited to 5000 ions (150 ms maximal injection time). The general mass spectrometric conditions were: spray voltage, 2.3 kV; no sheath and auxiliary gas flow; ion transfer tube temperature, 160
• C; collision gas pressure, 1.3 mTorr; normalized collision energy using wide-band activation mode; 35% for MS 2 . Ion selection thresholds were 500 or 1000 counts for MS 2 depending on the experiment. An activation q = 0.25 and activation time of 30 ms was applied.
Raw files were processed into peak lists by DTASuperCharge 2.0b1 [part of the MSQuant 2.0b7 software environment (36) ] and searched with Mascot 2.2 against the human International Protein Index protein database (IPI, version 3.65) combined with frequently observed contaminants and concatenated with the reversed versions of all sequences. Enzyme specificity was set to trypsin (with a maximum of two missed cleavages) allowing cleavage Nterminal to proline and C-terminal to aspartate. The MMD for monoisotopic precursor ions and MS/MS peaks were restricted to 5 ppm and 0.6 Da, respectively. For all searches carbamidomethylated cysteines were set as a fixed modification, whereas oxidation of methionine, deamidation of asparagine or glutamine and N-terminal protein acetylation were treated as variable modifications. Protein and peptide identifications were further analyzed and manually verified by inspection of chromatograms and spectra.
Oligonucleotides
All oligonucleotides used for plasmid construction, EMSA, qPCR and ChIP experiments are shown in Supplementary  Table S4 .
Constructs
The following vectors were commercially obtained: pcDNA3 (Invitrogen), pGEX6P1 (GE-Healthcare), pFN10A (Promega pOT2-TTR-AY113651 (Drosophila Nucleic Acids Research, 2016, Vol. 44, No. 10 4707 Genomics Resource Center SD13650; #13205), pBlue-TTR-AY069273 (Drosophila Genomics Resource Center GM10003; #4251), pCMV-sport6-hRbBP5 (Open Biosystems, #5576406), pCR4-TOPO-hKDM6A/UTX (Open Biosystems, #9051779), pOTB7-hWDR5 (Open Biosystems #3538255).
The following plasmids were described previously: pGEX6P1-mNotch-1-IC (25), pcDNA3-Flag-1, pcDNA3-mNotch-1-E, pcDNA3-RBP2N, pGa981/6 and pCMV-mNotch-1-IC (18), pGex6P1-SHARP(3477-3664), pcDNA3-Flag-SHARP(3477-3664) and pSP6-CtIP (19), pcDNA3-Flag3-RBP2N-mRuby and pcDNA3-Flag3 (20) , pcDNA3-GFPoStp, pGex6P1-hsRITA (37). Constructs that were newly generated by PCR-Amplification are listed in Supplementary Table S5 . The PCR products were cut by restriction enzymes and ligated in the listed vectors. After annealing of the 5-prime phosphorylated oligonucleotides Bio F and Bio R (see Supplementary  Table S4 ) the Flag-Tag of pcDNA3-Flag-SHARP(3477-3664) was exchanged with the Bio-Tag by Acc65I and EcoRI digestion to generate pcDNA3-Bio-SPOC. The Bio-SPOC cDNA was amplified with the primers Bio-SPOC F and BIO-SPOC R and ligated into the retroviral vector pLXSP after BamHI/SalI digestion to generate pLXSPBio-SPOC. PCR was also used to generate the point mutations pcDNA3-Flag1-Sharp(3477-3664) K3516A, pcDNA3-Flag1-Sharp(3477-3664) R3552A/R3554A and pcDNA3-Flag1-Sharp(3477-3664) Y3602A via sidedirected-mutagenesis. The upstream primer SPOC F and the downstream primer SPOC Xho R were used for all three mutagenesis. Additionally, for inserting K3516A the primers K3516A F and K3516A R were designed. The double substitution of Arginine 3552 and 3554 to Alanine was performed with the primers R3552A/R3554A F and R3552A/R3554A R. To create the Y3602A mutation the primers Y3602A F and Y3602A R were used. All PCR-products were sequenced and cut EcoRI/XhoI to ligate into pcDNA3-Flag1. To obtain the three pcDNA3-Flag3-RBP-SPOC mutants the corresponding pcDNA3-Flag1-SPOC constructs were cut with PflMI and XbaI and ligated into pcDNA3-Flag3-RBP-SPOC resulting in pcDNA3-Flag3-RBP-SPOC (K3516A), pcDNA3-Flag3-RBP-SPOC (R3552A/R3554A) and pcDNA3-Flag3-RBP-SPOC (Y3602A). For SP6 driven in vitro transcription, the plasmids pCS2-Flag3-RBP-SPOC (wt) and pCS2-Flag3-RBP-SPOC (R3552A/R3554A) were made. The corresponding cDNA inserts from pcDNA3-Flag3-RBP-SPOC were subcloned into the pCS2 vector. Details about all other constructs used in this study are provided in Supplementary Tables S4 and S5 .
Gene knockdown
In order to perform the UTX and NCoR1 knockdown in mature T-cells, the pLKO.1 TRC1 shRNA library (SIGMA-ALDRICH) was used. Briefly, 293 T cells were transfected with 3.33 g of the desired shRNA construct and the packaging vectors psPAX2 (2.5 g) and pMD26 (1 g) using 14 g of linear PEI (Polysciences # 23966). After 48 h of incubation, the supernatant from the transfected 293 T cells was filtered and used for infections of mature T-cells. In total, four spin infections were performed over 2 days. Approximately 36 h after the last infection, the selection of the positively infected cells was performed by adding 1 g/ml of puromycine (Serva). The target sequences of the hairpins used in this study are listed in Supplementary Table S4 .
RNA extraction, RT-PCR and qPCR from cell lines
Total RNA was purified using Trizol reagent (Ambion, 15596018) accordingly to manufacturer's instructions. 1 g of RNA was retro-transcribed in cDNA using random hexamers and M-MuLV reverse transcriptase (NEB). qPCRs were assembled with Absolute QPCR ROX Mix (Thermo Scientific, AB-1139), gene-specific oligonucleotides and double-dye probes (see Supplementary Table S4 ) and analyzed using the 7300 ABI PRISM sequence detector system (Applied Biosystem). Data were normalized to the housekeeping gene glucuronidase β (GusB).
In order to measure the relative abundance of KMT2 family members´transcripts, serial dilutions of the cDNA were used for generating a calibration curve for the housekeeping gene TBP. The calibration curve was used for calculating the expression of the members of the KMT2 family.
Quantitative reverse transcriptase PCR (qRT-PCR) of Drosophila and Xenopus genes
RNAi knock down efficiency for spen and trr, mRNA were assessed by qRT-PCR upon RNAi induction. RNAi expression was induced by hsp70-Gal4 (hsp-70>) when lethal by tub> (spen-IR, KK100153 and GD17128; trr-IR, GD4501). For heat shock induced RNAi expression, third instar larvae (L3) were shifted for 1 hour at 37
• C (heat shock) followed by 1 hour at 25
• C. This method understimate the depletion of the gene by RNAi but it provides a means to correlate the effectiveness of different RNAi against a given gene (as in spen-IR lines KK100153 and GD17128). For every genetic condition total RNA was isolated from 10 to 15 wandering third instar larvae (L3). All tissue samples from Drosophila melanogaster and Xenopus laevis embryos were stored in RNAlaterTissueProtect Tubes (Qiagen) until used and mRNA levels were assessed by qRT-PCR. To determine mRNA levels, was used SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen) and SYBR Green PCR Master kit (Applied Biosystems) were used according to the manufacturer's instructions. The cDNAs were amplified using specific primers, designed by using the ProbeFinder software by Roche Applied Science. Rp49 (Drosophila) and hist1h4a (Xenopus) were used as house-keeping genes for normalization. Primer sequences are shown in Supplementary Table S4 . In all cases, samples were tested in triplicate and qPCR reactions were run on a 7500 Real-Time PCR System (Applied Biosystems) following the manufacture's protocol. The qPCR data were analyzed by a two-tailed unpaired t-test.
DNA transfection
HEK293 and HeLa cells were transfected using the Nanofectin transfection reagent (PAA) according to the manufacturer's instructions.
Chromatin immunoprecipitation (ChIP)
ChIP experiments were performed following the Upstate Biotechnology protocol with few modifications. Briefly, cells were cross-linked in 1% formaldehyde for 10 min at room temperature and the reaction was blocked with 1/8 volume of 1 M glycine pH 8.0. Only in the case of the KMT2D, RbBP5 and UTX ChIP a pre-fixation with 10 mM dimethyladipimate (DMA) in PBS was performed 1 h at room temperature. Cells were washed twice with PBS and resuspended in SDS Lysis Buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.1). The cell suspension was sonicated using the Covaris System S2AFA and after dilution with ChIP Dilution Buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8.1, 167 mM NaCl), the chromatin was pre-cleared with 10 l/ml pre-saturated protein-A-Sepharose beads for 30 minutes at 4
• C. The chromatin was incubated over night with the proper amount of the desired antibody [anti-RbBP5 (Bethyl, A300-109A), anti-H3K4me3 (Diagenode, pAb-003-050), anti-H3K27ac (Diagenode, pAb-174-050), anti-H3 (Abcam, ab1791), antiH3K4me1 (Abcam, ab8895), anti-(N-20) RNAPII (Santa Cruz, sc-899)] or with IgG (Santa Cruz, sc-2027) as control. Antibodies were immobilized with 40 l pre-saturated protein-A-Sepharose beads 1 h at 4
• C with shaking. Depending on the antibody, different washing conditions were used. Chromatin was eluted from beads with Elution Buffer (1% SDS, 0.1 M NaHCO 3 ) and cross-links were reverted at 65
• C over night in presence of 180 mM NaCl. After incubation with Proteinase K for 1 h at 45
• C, the DNA was purified by phenol/chloroform extraction and precipitated over night at -20
• C in presence of 10 g of yeast tRNA, 10 g glycogen and 500 l 2-propanol. After washing with 70% EtOH and drying, the DNA was dissolved in TE pH 8.0 and analyzed by qPCR.
In the case of the KMT2D, UTX and HDAC1 ChIP, after sonication chromatin was diluted in ChIP Dilution Buffer and pre-cleared using 40 l/ml pre-saturated protein-ASepharose beads (30 l/ml in the case of the HDAC1 ChIP) for 30 min at 4
• C. 50 g of pre-cleared chromatin were incubated with 10 g of KMT2D (Santa-Cruz, sc-292359 X, lot. #H0911), 5 g of UTX (Bethyl, A302-374A, lot. #A302-374A-1), 2 g of HDAC1 (Diagenode, pAb-053-050, lot. #A21-001P) antibody or rabbit IgG (Diagenode, C15410206, lot. #161013JJ or # D005) as control. Antibodies were immobilized with 40 l pre-saturated protein-A-Sepharose beads and beads were washed once in Low Salt Washing Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1, 150 mM NaCl), twice in High Salt Washing Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1, 500 mM NaCl) and three times (twice in the case of KMT2D) in TE washing buffer (10 mM Tris-HCl, 1 mM EDTA pH 8.0). In the case of the HDAC1 ChIP, beads were washed once in Low Salt Washing Buffer, once in High Salt Washing Buffer, once in LiCl Washing Buffer (0.25 M LiCl, 1% IGEPAL-CA630, 1 mM EDTA, 10 mM Tris-HCl pH 8.1) and three times in TE Washing Buffer. DNA was purified as previously described with the only exception that DNA was precipitated over night at −20
• C in presence of 10 g of yeast tRNA, 40 g glycogen and 500 l 2-propanol.
Data were normalized to positive controls (unless specified) and in the case of histone marks also to histone H3. Gene desert (chr14:97450841-97450907) was used as negative control.
Coimmunoprecipitation experiments
The coimmunoprecipitation experiments were carried out essentially as described previously (37) . Briefly, 24 h after transfection cells were lysed with 600 l CHAPS lysis buffer. Where indicated cells were incubated with 25 M or 50 M TBCA (CalBiochem, 50mM stock solution in DMSO) or DMSO as control for three hours prior to cell lysis. The extracts were incubated with 40 l agarose-conjugated antiFlag antibody (M2, Sigma) at 4
• C overnight. For coimmunoprecipitation of endogenous proteins, HeLa cell extracts were incubated with 20 l of anti-SHARP antibody [anti-SHARP. 2 (18) ] at 4
• C overnight, followed by a 2 h incubation with 50 l (50% slurry)sepharose conjugated protein G beads (GE healthcare). Precipitates were washed six to eight times with CHAPS lysis buffer and finally resuspended in SDS-polyacrylamide gel loading buffer. For Western blotting the proteins were resolved in SDSpolyacrylamide gels and transferred electrophoretically at room temperature to PVDF membranes (Millipore) for 1 h at 50 mA using a Tris-glycine buffer system. After blotting, the membranes were pre-blocked for 1 h in a solution of 3% milk powder in PBS-T (0.1% Tween 20 in PBS) before adding antibodies. The following antibodies were used: anti-GFP (7.1/13.1, mouse monoclonal IgG, secondary antibody peroxidase conjugated sheep anti-mouse IgG, NA931V, GE healthcare), anti-Flag (M5, Sigma; secondary antibody, NA931V, GE healthcare), anti-RBP-J (rat monoclonal IgG2a, T6709, Institute of Immunology Co., Ltd.; secondary antibody peroxidase-conjugated goat anti-rat IgG, Dianova), anti-NCoR (rabbit polyclonal IgG, A301-146A, Bethyl, secondary antibody peroxidaseconjugated donkey anti-rabbit IgG, GE healthcare), anti-AKT1 (pan) (C67E7, Cell Signaling), anti-AKT1 (p-S129) (WA-AP7141f, Biomol), anti-KMT2D (rabbit polyclonal IgG, H300, sc292359, Santa Cruz; secondary antibody peroxidase conjugated donkey anti-rabbit IgG, NA934V, GE healthcare)
ITC binding experiments of SPOC-NCoR complexes
A MicroCal VP-ITC calorimeter was used for all ITC binding studies. Experiments were carried out at 25
• C in a buffer consisting of 20 mM HEPES pH 7.5 and 100 mM NaCl. The SPOC domain from murine SHARP, residues 3474-3643 (3495-3664 for human SPOC), was overexpressed as a glutathione S-transferase fusion protein in bacteria, cleaved and purified to homogeneity, using a combination of glutathione-sepharose affinity and size exclusion chromatography. The only difference in primary sequence between mouse and human SPOC resides at residue 3537, which is a serine in mouse and a threonine in human. Murine SPOC mutant R3531A/R3533A correspond to R3552A/R3554A in human SPOC. Peptides (phosphorylated and nonphosphorylated) that correspond to the conserved C-terminus of Nucleic Acids Research, 2016, Vol. 44, No. 10 4709 NCoR (-REPAPLLSAQYETLSDSDD) were chemically synthesized by a commercial vendor (Peptide 2.0) and purified to >95% by reverse phase HPLC. SPOC and NCoR proteins were degassed and buffer matched using size exclusion chromatography and/or dialysis. A typical experiment consisted of 15 M of SPOC in the cell and 150 M NCoR in the syringe. Protein concentrations were determined by both UV absorbance at 280 nm and BCA assay (Pierce). The binding data reported are the average of at least three independent experiments (n = 3). The value of c ( = Ka[M]N) for all experiments was between 1 and 245. The data were analyzed using the ORIGIN software and fit to a one-site binding model.
Xenopus laevis
Xenopus embryos were obtained by in vitro fertilization, cultured and staged according to (38) . All experiments using Xenopus were performed in agreement with the German law.
RNA microinjections in Xenopus laevis
mRNA was obtained using the mMESSAGEmMACHINE SP6 Kit (Ambion) according to the manufacturers' protocol after linearization of the vector. Embryos have been injected bilaterally at two-cell stage with 100 pg of each RNA (200-400 pg total amount).
Whole mount in situ hybridization (WMISH) in Xenopus leavis
Injected embryos were fixed at stage 16 with MEMFA (0.1 M MOPS (pH 7.4), 2 mM EGTA, 1 mM MgSO 4 , 4% fomaldehyde) over night at 4
• C. WMISH was performed following standard protocols (39) with DIG-labeled antisense RNA probe of N-tubulin (tubb2b). The colour reaction was performed using BM purple (Roche Applied Science). After staining, the embryos were refixed in MEMFA and bleached in 30% H 2 O 2 .
Statistical analysis
If not separately specified, data are shown as mean ± SD of three independent experiments. Statistical analysis were performed using unpaired Student's t-test and P < 0.05 was considered to be statistically significant.
ChIP-Seq analysis
Notch-1 and RBP-J ChIP-Seq data (# GSE29600) were analyzed using MACS14 via the Galaxy Platform. Reads were mapped to the mouse genome mm9 and default settings were used.
Luciferase assay
HeLa cells were seeded in 24-well plates at a density of 5 × 10 4 cells. Transfection was performed with Nanofectin reagent (see above) using 1 g of reporter plasmid alone or together with various amounts of expression plasmid (given in the corresponding figure legends). Luciferase activity was determined from at least four independent experiments with 20 l of cleared lysate in an LB 9501 luminometer (Berthold) by using the luciferase assay system from Promega.
In vitro protein translation and GST pull down
The in vitro protein translation and the GST pull down assays were performed exactly as previously described in (20) .
Electro mobility shift assay (EMSA)
Whole cell extracts (see above) were used for electromobility gel shift assays in a binding buffer consisting of 10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 0.1 mM EDTA, 0.5 mM DTT, and 4% glycerol. For binding reaction, 2 g poly(dI-dC) (Amersham) and approximately 0.5 ng of 32 P-labeled oligonucleotides were added. The sequence of the doublestranded oligonucleotide FO-233 (Supplementary Table S4 ) corresponds to the two RBP-J-binding sites within the EBVTP-1 promoter. Super shifting of complexes was achieved by adding 1 g of anti-RBP-J (rat monoclonal IgG2a, T6709, Institute of Immunology Co., Ltd.) antibody. The reaction products were separated using 5% polyacrylamide gels with 1× Tris-glycine-EDTA at room temperature. Gels were dried and exposed to X-ray films (Kodak).
Fluorescence microscopy
Cell imaging was performed by plating HeLa cells or HEK293 cells in a concentration of 10 5 cells cm −2 on chambered coverslips (Nunc). When required, cells were transfected with 400 ng of expression plasmids using the Nanofectin transfection reagent (see above). Cells were rinsed with PBS 24 h after transfection, fixed and permeabilized with 0.1% Triton X-100. Nonspecific immunostaining was blocked by incubating the cells in 3% BSA in PBS with 0.1% TWEEN-20. The following antibodies were used: anti-Flag, mouse monoclonal IgG (M5, F4042, Sigma), secondary antibody, Alexa-Flour-488 coupled goat anti-mouse IgG (A11011, Life Technologies), anti-SHARP.2 [rabbit polyclonal, (18) ], secondary antibody, Alexa-Fluor-568 coupled goat anti-rabbit IgG, (A11011, Life Technologies), anti-MLL2/KMT2D, goat polyclonal (I18, sc68671, Santa Cruz), secondary antibody, Alexa-Fluor-488 coupled donkey anti-goat (A11055, Life Technologies). Pictures were taken using a fluorescence microscope (IX71, Olympus) equipped with a digital camera (C4742, Hamamatsu), and a 100-W mercury lamp (HBO 103W/2, Osram). The following filter set was used: Green, (Alexa-Flour-488) ex: HQ470/40, em: HQ525/50. For confocal microscopy a Leica TCS SP8-HCS microscope was used. Fluorophores were excited with the 488 nm and the 561 nm laser lines, respectively. Pictures were taken as ARY-sections in sequential scan mode.
Drosophila husbandry
The Drosophila RNAi transgenic lines used were from Vienna Drosophila RNAi Center (VDRC) and from Bloom-ington Stocks. Phenotype of this RNAi lines in the developing eye in the context of activated NOTCH was assessed by crossing with w 1118 ; ey-Gal4, UAS-Dl flies as previously described (10) and the RNAi transgenic flies against Spen/SHARP and Trr/KMT2D are from NIG FLY, Fly stocks of National Institute of Genetics, (Kyoto).
Quantitative reverse transcriptase PCR (qRT-PCR) of Drosophila and Xenopus genes
RNAi knock down efficiency for spen and trr, mRNA were assessed by qRT-PCR upon RNAi induction. RNAi expression was induced by heat shock in hsp70-Gal4 (hsp-70>) transgenic larvae crossed with the RNAi of interest. In detail, third instar larvae (L3) were shifted for 1 h at 37
• C (heat shock) followed by 1 h at 25
• C and preserved immediately after in RNAlater (Qiagen). For every genetic condition total RNA was isolated from 10 to 15 wandering third instar larvae (L3). All tissue samples from Drosophila melanogaster and Xenopus laevis embryos were stored in RNAlaterTissueProtect Tubes (Qiagen) at −80
• C until used. cDNA was prepared with SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen) and qRT-PCR was performed with SYBR Green PCR Master kit (Applied Biosystems) accordingly to the manufacturer's instructions. Specific primers were designed by using the ProbeFinder software by Roche Applied Science. Rp49 (Drosophila) and hist1h4a (Xenopus) were used as house-keeping genes for normalization. Primer sequences are listed in Supplementary Table S4 . Samples were analyzed in triplicate and qPCR reactions were run on a 7500 Real-Time PCR System (Applied Biosystems) following the manufacture's protocol. The qPCR data were analyzed by a two-tailed unpaired t-test.
RESULTS
SHARP directly interacts with both the NCoR corepressor and the KMT2D coactivator complexes
To dissect the molecular mechanism of chromatin-based gene regulation mediated by RBP-J/SHARP we focused our attention on the biochemical characterization of the SHARP SPOC-domain interactome (hereafter referred to as SPOCome). The highly conserved SPOC-domain of SHARP with a biotinylation-tag (bio-SPOC) was coexpressed with the biotin ligase BirA in pre-T cells. We used a streptavidin-affinity capture approach followed by massspectrometry (34) to characterize the SPOCome. In addition to NCoR-complex components [NCoR1 (henceforth designated as NCoR), NCoR2, TBL1XR1 and HDAC1/3], we also purified components of the KMT2D-complex ( Figure 1B and Supplementary Table S1 ). The KMT2D-complex is known to play a role in gene activation (40) . In addition to the central H3K4 methyltransferase KMT2D and the KMT2 core components Ash2L, RbBP5 and WDR5, we found specific KMT2C/D-complex components PTIP, NCoA6, histone demethylase UTX/KDM6A and PA1 ( Figure 1B) .
All five KMT2s (KMT2A-E) are expressed in our pre-T cell line (Supplementary Figure S1A) , but only KMT2D was identified in the SPOCome. In order to validate the interaction of SHARP with the KMT2D complex, we performed coimmunoprecipitation experiments. As shown in Figure 1C , endogenous UTX, a specific component of the KMT2D complex, as well as RbBP5, copurified with the Bio-SPOC domain of SHARP. However, no copurification of KMT2A was observed reconfirming our mass spectrometric results. Since we obtained a remarkable large number of KMT2D peptides in our SPOCome, we investigated the possibility of a direct interaction between the SPOC-domain of SHARP and KMT2D (Figure 1D-H) . The 530 kDa protein KMT2D was dissected into different polypeptides that were in vitro transcribed and translated ( Figure 1D and E and schematic overview in Figure 1H) , or transfected together with Flag-tagged SPOC domain of SHARP into HEK293 cells ( Figure 1F and G and schematic overview in Figure 1H ). Using purified GST-SPOC as bait, the SPOC interaction region of KMT2D was mapped to fragment KMT2D-7, which includes the C-terminal SET domain ( Figure 1D and H). Of note, this C-terminal KMT2D fragment (4588-5588) interacts as strongly as the previously described SHARPinteractor CtIP (19) (Figure 1D ). Furthermore, whereas GST-SPOC interacts with KMT2D-7 and 7D ( Figure 1D and Supplementary Figure S1B , respectively) and with the known SPOC interactor CtIP [(19) and Figure 1D ], it does not interact with the KMT2D-complex subunits RbBP5, UTX and WDR5 (Supplementary Figure S1C-E) . The SHARP/KMT2D interaction was further mapped using coimmunoprecipitation experiments with constructs of Flag-SPOC and GFP-KMT2D (7b, 7c and 7d) ( Figure 1F and G). GFP-KMT2D constructs 7b ( Figure 1F , lane 1) and 7d (lane 3), but not 7c (lane 2), strongly interact with FLAG-SPOC, whereas no interaction is observed between Flag-SPOC and GFP-only (lane 4). In addition, when we immunoprecipitate endogenous SHARP, not only the endogenous RBP-J ( Figure 1I , left panel) but also the endogenous KMT2D ( Figure 1I, right panel) is copurified. Finally, by confocal microscopy we could observe colocalization between endogenous SHARP and KMT2D proteins within the cell nucleus ( Figure 1J ).
Taken together, these data provide evidence that the SPOC domain of the coregulator SHARP not only interacts with the NCoR corepressor complex, but also with the KMT2D coactivator complex.
Because KMT2D complex directly interacts with the SPOC domain of SHARP we investigated the occupancy of the KMT2D complex at the RBP-J-bound enhancers of Notch target genes. We first identified the enhancers of Gm266, Hes1 and Dtx1 Notch target genes by analyzing publicly available RBP-J and Notch-1 ChIP-Seq data (41) (represented in Supplementary Figure S1F) . As next step we investigated by ChIP the occupancy of KMT2D complex components at the underlined enhancers in our pre-T cells. We found that KMT2D (Supplementary Figure S1G) , UTX (Supplementary Figure S1H) and RbBP5 (Supplementary Figure S1I ) colocalize at the enhancers of Gm266, Hes1 and Dtx1 Notch target genes.
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Dynamic occupancy of the KMT2D complex and active histone marks at Notch target genes
Next, we investigated the dynamics of histone marks and the KMT2D-complex components when we inhibit Notch signaling in our pre-T cells (Figure 2 and Supplementary  Figure S2 ), which are sensitive to GSI (␥ -secretase inhibition) as previously described (29) . Upon GSI-treatment, transcription of the Notch target genes Gm266, Hes1 and Dtx1 was effectively inhibited (Figure 2A) , which is also reflected by Notch-dependent reduction in the occupancy of RNA polymerase II (RNAPII, Supplementary Figure  S2A ) and H3K27 acetylation (Supplementary Figure S2B) . The active mark H3K4me3 was reduced upon inhibition of Notch signaling ( Figure 2B ) and importantly this is not due to nucleosome depletion as measured with a pan-H3 antibody (Supplementary Figure S2D) . Interestingly, the H3K4 monomethylation (H3K4me1) mark remains constant upon GSI treatment (Supplementary Figure S2C) . Finally, the KMT2D-components UTX ( Figure 2C ) and RbBP5 ( Figure 2D ) are also dynamically regulated at the enhancers of Gm266, Hes1 and Dtx1 with the only exception of UTX at the enhancer of Hes1.
RBP-SPOC, but not the NCoR-binding deficient RBP-SPOC, represses Notch-dependent transcription
Since the C-terminal SPOC-domain of SHARP interacts with both NCoR and KMT2D we next wanted to functionally characterize SPOC. Based on the previous crystal structure of the SPOC domain (42) (Figure 3A ), we generated a double mutant [SPOC(R3552A/R3554A)] that no longer interacts with NCoR ( Figure 3B ).
For functional characterization at Notch target genes we took a synthetic approach and fused the SPOC-domain of SHARP directly to the transcription factor RBP-J (RBP-SPOC) ( Figure 3C ). RBP-J and the wild type RBP-SPOC [RBP-SPOC(wt)] fusion are expressed at similar levels (Supplementary Figure S3A) , bind to the RBP-J interactors NICD and RITA (37) Figure S3D  lanes 3 and 6) . Again, the biochemical interaction between SPOC and NCoR is lost in the RBP-SPOC double point mutant [RBP-SPOC(R3552A/R3554A)] ( Figure 3D ) and in line with that, only RBP-SPOC(wt), but not RBP-SPOC(R3552A/R3554A), interacts with NCoR-VP16 ( Figure 3E ). Consistent with the SHARP/NCoR results, the repressor function of RBP-SPOC(wt) is completely abrogated in RBP-SPOC(R3552A/R3554A), whereas two independent point mutations in the SPOC domain (K3516A or Y3602A) have no effect on RBP-SPOC repressor function ( Figure 3F ). At the same time, the SPOC (R35352A/R3554) mutant looses its ability to bind KMT2D (Supplementary Figure S3E) , indicating that KMT2D and NCoR binds to the same residues within the SPOC domain of SHARP.
Next, we tested the SPOC double mutant in a Xenopus leavis neurogenesis assay (Supplementary Figure S4A , number of injections in Supplementary Table S2 and statistics in Supplementary Figure S4B) . Control injection of Notch1-ΔE (N1ΔE), a constitutively active form of Notch, causes almost complete abrogation of tubb2b expression, a neurogenic marker (Supplementary Figure S4A , compare upper and lower left panels). RBP-SPOC(wt) enhances tubb2b expression, which suggests RBP-SPOC(wt) is antagonizing Notch signaling, and this effect can be partially reverted by coinjection of N1ΔE ( Supplementary Figure S4A , compare upper and lower middle panels). Injection of the RBP-SPOC(R3552A/R3554A) does not result in the enhanced expression of tubb2b and coinjection with N1ΔE results in a Notch-like phenotype (Supplementary Figure S4A , compare upper and lower right panels). These neurogenesis phenotypes are reflected in the expression of endogenous Notch target genes, as shown by qRT-PCR experiments (Supplementary Figure S4C) Together, our data reveal that the SPOC domain of SHARP supports gene repression by interacting with NCoR.
Phosphorylation-dependent interaction of the SPOC domain of SHARP with corepressor NCoR
Given that both NCoR and KMT2D can interact with the SPOC domain of SHARP, we characterized the SHARP/NCoR interaction from the NCoR angle. Interestingly, the known SHARP-interacting region (42) contains a highly conserved LSDSD motif at the very C-terminus of NCoR ( Figure 4A ).
We used isothermal titration calorimetry (ITC) to systematically characterize the molecular details of SPOCNCoR complex formation (Figure 4 and Supplementary  Table S3 ). Previously, SPOC/NCoR binding studies have been performed in cells or cellular extracts (22, 42) . Surprisingly, when we performed ITC binding studies of purified recombinant SPOC with chemically synthesized peptides that correspond to the conserved C-terminus of NCoR ( Figure 4A ), we did not observe any binding ( Figure 4B ). However, using NCoR peptides that are phosphorylated on one of two conserved serine residues (. . . ETLSDSDDD or . . . ETLSDSDDD) resulted in modest affinity ( Figure 4C  and D) ; whereas, the double-phosphorylated NCoR peptide (. . . ETLSDSDDD) bound strongly to SPOC with a K d of approximately 0.05 M ( Figure 4E ). Importantly, two independent global phosphorylation studies demonstrated that these two serine residues in NCoR are phosphorylated in cells (43, 44) . Consistent with our RBP-SPOC studies, the SPOC double mutant (R3552A/R3554A) showed significantly reduced binding towards the phosphorylated NCoR peptides (Figure 4F-H) . The ITC binding studies were first validated in cells by coimmunoprecipitation experiments using the wildtype SPOC-domain and the NCoR Figure S2D ). Shown is the mean ± SD of triplicate experiments ([NS] not significant, *P < 0.05, **P < 0.01, ***P < 0.001, unpaired Student's t-test). Figure 5A ). When mutating the pivotal serine residues in NCoR [NCoR-C(S2449A/S2451A)] the SPOC/NCoR interaction is abrogated ( Figure 5A, lane 5) . Of note, the interaction strength of the phospho-mimetic mutation of NCoR [NCoR-C(S2449D/S2451D)] remains at wildtype levels [NCoR-C(wt)] (compare Figure 5A, lanes  4 and 6) .
C-terminal domain (
Together, these data identify the SPOC domain of SHARP as a novel phospho-serine interaction domain.
NCoR and KMT2D compete for the binding to the SPOC domain of SHARP
To biochemically characterize the interplay between the corepressor NCoR and the coactivator KMT2D binding to the SPOC domain of SHARP we performed coimmunoprecipitation experiments ( Figure 5B and C) . We compared NCoR-C(wt) to an NCoR mutant lacking the LSDSD motif [NCoR-C(d8)] for binding to SPOC and displacement of KMT2D from SPOC. As expected, NCoR-C(wt), but not the NCoR-C(d8), binds to Flag-tagged SPOC(wt) (Figure 5B, compare lanes 3 and 4 to lane 5) . By co-expressing GFP-tagged KMT2D-7b (lanes 1-5), we tested whether or not NCoR and KMT2D can compete for binding to SPOC. We observed that only NCoR-C(wt) (lanes 5), but not NCoR-C(d8) (lanes 3 and 4) , can displace KMT2D from SPOC. Furthermore, when overexpressing KMT2D-7b NCoR-C(wt) can be displaced from SPOC(wt) ( Figure  5C , compare lane 1 with lanes 2 and 3), but not NCoR-C(S2449D/S2451D) ( Figure 5C , compare lane 4 with lanes 5 and 6). This suggests a possible mechanism whereby the two opposing chromatin modifiers, KMT2D and NCoR, are competing for binding to SPOC and this competition might be regulated by phosphorylation of NCoR.
In order to analyze the balance between KMT2D and NCoR complexes at Notch target genes, we performed lossof-function experiments of NCoR and KMT2D complexes, by knocking-down either NCoR ( Figure 6A -E) or UTX ( Figure 6F-J) , a specific component of the KMT2D complex in a mature T-cell line which displays a low level of Notch activity. Upon knock-down of NCoR, Hes1, Irf4 and CD25 expression is increased ( Figure 6A ). To further characterize the NCoR knockdown, we focused on the enhancer of the well known Notch target gene Hes1 and by ChIP we observed that the occupancy of the KMT2D-component RbBP5 ( Figure 6B ) and corresponding H3K4me3 (Figure 6C) active mark are increased. Knocking down the HDAC-containing NCoR complex, also leads to increase in the active histone acetylation mark H3K27ac ( Figure 6D ), whereas overall histone H3 occupancy is unaffected ( Figure  6E ).
Since we were unable to efficiently knockdown KMT2D, we performed knockdown of the KMT2D-specific component UTX. UTX knockdon leads to a robust downregulation of Hes1, Irf4 and CD25 ( Figure 6F ). Correspondingly, at the enhancer of Hes1, the NCoR-complex component HDAC1 was increased upon UTX-knockdown ( Figure 6G) ; the active chromatin marks H3K4me3 and H3K27ac were decreased ( Figure 6H and I, respectively) Supplementary Table S3. and the overall histone H3 levels were also increased ( Figure  6J ).
Taken together, these data support a model, in which the competition of NCoR-corepressor and KMT2D-coactivator complexes and the resulting NCoR/KMT2D balance affects the outcome of transcriptional responses at Notch target genes.
Functionally relevant phosphorylation of NCoR by casein kinase 2␤ (CK2␤)
Previously, Yoo and colleagues (45) showed that the casein kinase-2␤ (CK2␤) phosphorylates Ser-2436 but not Ser-2438 of human NCoR (accession: NP 006302, see also Figure 4A) , which corresponds to Ser-2449 and Ser-2451 in the murine NCoR protein (accession: NP 001239242, see also Figure 4A ). To investigate whether CK2␤ activity is implicated in regulating the SPOC/NCoR interaction, we performed coimmunoprecipitation experiments in the presence of the CK2␤ inhibitor TBCA (Figure 7 ). CK2␤ inhibition by TBCA was verified by Western blotting using an antibody against phosphorylated Ser-129 (p-S129) of AKT1 kinase, a known substrate for CK2␤ (46) (Figure 7A, left) , and a pan-AKT1 antibody, which served as a loading control ( Figure 7A Figure S5C and G) are significantly increased upon CK2␤ inhibition by TBB or TBCA, whereas overall histone occupancy as measured by pan-H3 ChIP was slightly reduced (Supplementary Figure S5D and H). Together, these data suggest that CK2␤ phosphorylation of NCoR regulates the recruitment of NCoR and KMT2D to Notch target genes, which in turn affects the local histone marks and gene expression at these sites.
The Drosophila-homologs of SHARP, Spen, and KMT2D, Trr, physically and genetically interact
The Drosophila melanogaster homologs of SHARP (called Spen), KMT2D (called Trr) and NCoR (called SMRTER, Smr) have been linked to Notch signaling. In detail, Spen/SHARP negatively regulates Notch signaling in the developing eye (47) . There is also evidence that SM-RTER (48) and Trr-complex components (49) regulate the Notch signaling response. To analyze the interaction of SHARP/Spen and KMT2D/Trr (Trithorax-related) and Trr-complex components in Notch-mediated processes in vivo, we used the developing eye of Drosophila melanogaster and a well-established Notch-induced tumor model as our experimental system (10) . Figure 8A represents the protein domain schematics of Trr, containing a PHD, FYRN, FYRC and a catalytic SET-domain, and of Spen, containing RNA-recognition motives (RRMs) and a SPOCdomain. We first demonstrated that Spen and Trr physically interact ( Figure 8B ). Using GST pulldown assays we found that the SPOC-domain of Spen/SHARP (dm-SPOC) interacts with Trr ( Figure 8B . Shown is the mean ± SD of duplicate experiments measured twice each (**P < 0.01, ***P <0.001, unpaired Student's t-test). (B, C and D) As measured by ChIP, knockdown of NCoR1 in mature T-cells results in increased occupancy of (B) RbBP5 and increased levels of (C) H3K4me3 and (D) H3K27ac at the Notch-dependent enhancer of Hes1 Notch target gene. (E) As revealed by ChIP using a pan H3 antibody, nucleosome occupancy is not affected at the enhancer of Hes1 Notch target gene upon knockdown of NCoR1 in mature T-cells. Data were normalized to GAPDH 0kb and further normalized to histone H3 in the case of H3K4me3 (C) and H3K27ac (D). Shown is the mean ± SD of duplicate experiments measured twice each ([NS] not significant, **P < 0.01, ***P < 0.001, unpaired Student's t-test). (F) UTX knockdown was performed in mature T-cells by infecting them with pLKO.1 Scramble (Control) or pLKO.1 UTX Sh1. Total RNA was purified and analyzed by qRT-PCR with primers specific for Hes1, Irf4 and CD25 Notch target gene, UTX or TBP (TATA box binding protein) as control. Data were normalized to the housekeeping gene GusB (glucuronidase ␤). Shown is the mean ± SD of three independent experiments (**P < 0.01, ***P <0.001, unpaired Student's t-test). (G, H and I) As measured by ChIP, knockdown of UTX in mature T-cells results in increased occupancy of (G) HDAC1 and decreased levels of (H) H3K4me3 and (I) H3K27ac at the Notch-dependent enhancer of Hes1 Notch target gene. (J) As revealed by ChIP using a pan H3 antibody, nucleosome occupancy is increased at the enhancer of Hes1 Notch target gene upon knockdown of UTX in mature T-cells. Data were normalized to GAPDH 0kb and further normalized to histone H3 in the case of H3K4me3 (H) and H3K27ac (I). Shown is the mean ± SD of duplicate experiments measured twice each (*P < 0.05, ***P < 0.001, unpaired Student's t-test). that the interaction between SPOC and KMT2D is conserved in Drosophila. To investigate the functional relevance of these physical interactions in a Notch context and given the precedents that Trr and Trr-complex components regulate tissue growth (10,49), we used hairpin interfering RNA (RNAi) constructs to target these genes in vivo in the background of Notch hyperactivation ( Figure 8C ) and normal Notch-regulated growth and patterning (Supplementary Figure S6 ). Aberrant Notch activity has been found to support tumour growth and metastasis in several different animal models including Drosophila (10, 49) . Importantly, dysregulation of Lid, the H3K4 demethylase KDM5A/RBP2 homolog in Drosophila, enhances a Notch paradigm of tumorigenesis in vivo [29] . Alone, the overexpression of Notch-ligand Delta in the eye results in a mild eye overgrowth (10) (Supplementary Figure S6A) . However, when combined with knockdown of SHARP-homolog spen, adult flies showed hyperplastic and tumoral eyes (Figure 8C and Supplementary Figure S6A and B). Tumor formation is also observed when the overexpression of Notchligand Delta is combined with knockdown of the NCoRhomolog Smr ( Figure 8C ). The eye-specific depletion of trr or the Trr-complex component, utx, by RNAi transgene expression combined with Notch-ligand Delta overexpression caused an overall eye reduction, which is the opposite phenotype as the downregulation of spen ( Figure 8C and Supplementary Figure S6A and B) . Altogether, our data support an evolutionary conserved role for SHARP and KMT2D as negative and positive regulators of Notchdependent processes such as tissue growth.
DISCUSSION
Our data suggest that the Notch core transcription complex containing RBP-J/SHARP orchestrates the dynamic methylation and acetylation of histones via a phosphorylation-dependent mechanism. So far, a two-step 'on and off' model of Notch dependent transcription has been proposed (4) (5) (6) 17) . However, in line with our new data, we propose a pivotal intermediate step at Notch target genes as illustrated in Figure 9 . RBP-J/SHARP balances histone methylation and acetylation by either interacting with the HDAC-containing NCoR complex or by interacting with the activating KMT2D-complex as revealed by changes in occupancy of NCoR and KMT2D complexes components upon depletion of UTX or NCoR, respectively ( Figure 6 ). Since only phospho-NCoR binds to the SPOC domain of SHARP (Figures 4 and 5) , signaling could directly alter the balance of chromatin marks: Positive acetylation marks can be removed by phospho-NCoR/HDAC while acquisition of active H3K4me3-methylation marks are mediated by KMT2D. Since the NICD replaces SHARP (18, 21) , the SHARP/NCoR or SHARP/KMT2D choice is particularly important to keep a permissive/poised state at Notch target genes before Notch activation. Once NICD is lost, the SHARP/KMT2D complex is recruited and signaling via activation of the NCoR-kinase CK2␤ might shift the balance more to the repressed state. As consequence, not only the active/inactive state of Notch signaling but also the state of CK2␤ regulates the dynamics of the active/repressive switch at Notch target genes. In line Figure 9 . Model for the competing NCoR-and KMT2D-complex at Notch target genes. To keep an intermediate/permissive chromatin state, the RBP-J/SHARP complex recruits either activating KMT2D or repressing phospho-NCoR/HDAC complexes. The phospho-dependent competition between the two opposing chromatin modulators allows the incorporation of incoming signaling inputs to regulate Notch target genes responsiveness in the absence of Notch. The SHARP/NCoR interaction moves the balance versus the repressed state whereas the SHARP/KMT2D complex moves the balance versus the active state waiting for being displaced by NICD/p300.
with that, a so-far unidentified NCoR-phosphatase would favour the recruitment of KMT2D. Finally, for full gene activation NICD/MAML/p300 displaces SHARP/KMT2D complex, acetylates histones and hence activates target gene expression (25, 50) .
The bivalent behavior of SHARP (also called human SPEN), interacting with both the corepressor NCoR and the coactivator H3K4 methyltransferase KMT2D, suggests that it is a 'poising factor' that acts either as a corepressor or coactivator. In regard to the physiological relevance of the central chromatin regulator SHARP, it is known that SHARP knockout mice are embryonic lethal (51) and that conditional SHARP knockout mice show enhanced generation of early T-cell progenitors (DN1), but also show an impaired generation of DN2 T-cells (52) , which suggests an increase in the proliferation of DN1 cells (the earliest stage of T-cells) accompanied by an arrest of differentiation. In light of our new results we speculate that the aberrant Tcell development in the SHARP conditional knockout mice is due to the dysregulated chromatin context at Notch target genes. Most recently, SHARP has also been implicated in Xist-mediated X-inactivation (53) (54) (55) . Thus, it will be important to evaluate whether the phospho-dependent mechanism involving NCoR and KMT2D is also implicated in X-inactivation. Our data suggest how SHARP would be involved in diseases. In fact, in recent exome-sequencing data SHARP mutations were identified in cancer (56, 57) and myotonic dystrophy (58) . These SHARP-mutations lead to a truncated protein lacking the C-terminal SPOC domain, which interacts with both NCoR and KMT2D. One possible scenario is that such SHARP-mutants loose the balance in chromatin regulation, thereby dysregulating a subset of Notch target genes. By site-directed mutagenesis of the SPOC-domain of SHARP we would gain further mechanistic insights into how phospho-NCoR and KMT2D recruitment is regulated. For this purpose, cocrystalisation of the SPOC domain (42) together with phosphorylated NCoR or the most recent NMR-structure of SPOC-domain in complex with phosphorylated SMRT-peptide (59) could be the basis.
